Abstract: Enantioselective catalytic Mukaiyama aldol reaction in pure water has been carried out by using a combination of iron(II) dodecyl sulfate [Fe(DS)2], a chiral bipyridine ligand and benzoic acid. Using the obtained iron(II)-derived Lewis-acid-surfactantcombined catalyst (LASC), the desired products were afforded in high yields with very good diastereo-and enantioselectivities.
Since its discovery in 1973, the Mukaiyama aldol reaction has been studied extensively and many efforts have been invested for a better stereocontrol of the process.
1 Since the first reports using a chiral tin(II)-derived Lewis acid, 1c,1d many developments have been made in order to get greener and more efficient catalysts and to use environmentally-benign solvents. A few studies, initiated by Kobayashi's pioneering work, 2 reported conditions for the catalytic asymmetric Mukaiyama aldol reaction in aqueous conditions but all of them either afforded moderate enantioselectivities, 2a-2e or lacked the substrate generality. 2f-2i Recently, a very efficient system involving iron(II) and Bolm's ligand 3 showed large generality and wide scope but still needed dimethoxyethane as an organic co-solvent. 4 In addition to these results usually requiring an organic co-solvent (EtOH or DME), the use of surfactants and Lewis-acid-surfactant-combined (LASC) catalysts have emerged as promising systems for the asymmetric Mukaiyama aldol reaction in pure water. 5 However, only moderate enantioselectivities (< 70% ee) have been reported. 5a Thus, there was clearly place for improvements towards the development of a Mukaiyama aldol reaction in water without using any organic solvent. Water has many advantages as a solvent for organic reactions regarding cost, safety and environmental concerns, but it is also known for exceptional reactivity and selectivity enhancements. Since alkyl chain length of surfactants is known to have an effect on both critical micellar concentration (CMC) and maximum reactant concentration inside the micelle, we tested other long-chain aliphatic sulfates as iron(II) counterions. It has been found that Fe(DS)2 is the most appropriate catalyst for this reaction. Longer and shorter linear alkyl chains did not appear to be optimal for our model reaction (Table 1, entries 8  and  9 ). The reaction without surfactant (using Fe(ClO4)2·6H2O) in pure water showed that the LASC catalyst is essential in order to catalyze the reaction and to avoid the [a] Prof [b] er [c] Further optimization of the conditions regarding catalyst concentration showed that the optimal concentration was 5 mol % Fe +II with a 1:3 Fe/ligand ratio ( [b] Yield (%) dr [c] er [d] Subsequently, various aldehydes were tested in the optimized conditions (Table 2, Entry 1) using the new LASC chiral catalyst. In all cases, the aldol products were reproducibly formed in moderate to very good yields and in high stereoselectivities. Various benzaldehydes substituted with electron-donating and -withdrawing groups were examined (Table 3 , Entries 1 to 6). Naphthaldehyde was less reactive than benzaldehyde but afforded a very good enantioselectivity (Table 3, Entry 7). A conjugated aldehyde, such as cinnamaldehyde proved to be good a substrate (Table 3 , Entry 8). High enantioselectivities were obtained with aliphatic nbutanal and 3-phenylpropanal (Table 3, Entries 9 and 10). Our conditions were finally applied to heteroaromatic aldehydes, providing the aldol products in good yields and excellent enantioselectivities (95:5 er) ( Table 3 , Entries 11 and 12) . Cat. : Table 1 . Determination of optimal catalytic micellar system [a] Entry Aldehyde R Yield (%) dr [b] er [c] With the objective of making our methodology more environmentally-benign, we used centrifugation in order to separate the products from the aqueous layer. 8 Twenty minutes of rotation at 3500 rpm of the reaction medium allowed us to separate the organic products from the aqueous phase without the need of any organic solvents for extraction (see Fig. 1 ). Compared with ethyl acetate work-up procedure, the isolated yield was identical and no erosion of the enantioselectivity was detected. We then tested a 50-times scale-up of our reaction (3.65 g of silyl enol ether and 1.56 g of benzaldehyde) and obtained exactly the same enantioselectivity and a slightly decreased yield of the desired product (71% compared to 80% on a 0.5 mmol scale). Centrifugation was used as the only work-up procedure, followed by a silica gel column chromatography, to afford the aldol product, along with the recycled ligand. Appearance of the reaction mixture before and after centrifugation
In conclusion, we were able to develop an efficient catalytic system that proceeds in pure water and affords good yields and high enantioselectivities (up to 98:2 er). Compared to other methods using chiral Cu II or Sc III , our system has the advantage of being the most efficient using a chiral LASC catalyst for the Mukaiyama aldol reaction in pure water. To the best of our knowledge, this is the first report of Fe(DS)2 used as a Lewis acid in organic synthesis. Both Fe(DS)2 and the chiral ligand could be easily prepared and formed a very efficient catalyst in aqueous conditions. The generality of our system was highlighted by the wide range of aldehydes that could be used in this process (aromatic, conjugated, heteroaromatic and aliphatic). Centrifugation makes the isolation process easier and allows solvent and time economy. A scale-up of the reaction showed that enantioselectivity was maintained at the same level. Our methodology could be therefore applied in multigram-scale for asymmetric Mukaiyama aldol reaction in the synthesis of drugs or pharmaceutical products as non toxic metals are involved and no organic solvents were used in the reaction process. These results pave the way for new developments in asymmetric catalysis using iron(II) dodecylsulfate as Lewis acid in pure water.
Experimental Section Preparation of Fe(DS)2
To an aqueous solution of 0.1 M of sodium dodecyl sulfate (12.7 mg/mL water) was added an equal proportion of 0.1 M aqueous solution of FeCl2 (28.8 mg/mL water) at room temperature. The solution was mixed until complete dissolution and placed at 2 °C. The precipitate was washed several times with 0.1 M FeCl2 solution. The solid was recrystallized in water and dried under high vacuum to afford Fe(DS)2 as white crystals.
9a
General Procedure for the Mukaiyama Aldol Reaction of Silyl Enol Ethers with Various Aldehydes
In a glass tube, the iron salt and the ligand were added in distilled water (1 mL). The mixture was stirred for 1 h at 25 °C to ensure complexation. Aldehyde 3a-l (0.30 mmol), benzoic acid (2.2 mg, 0.018 mmol) and silyl enol ether (0.36 mmol) were subsequently added to the mixture. The reaction mixture was stirred at 25 °C for the desired time. The resulting mixture was either centrifuged for 20 minutes at 3500 rpm or extracted with ethyl acetate (3x10 mL), and the combined organic layers were dried over anhydrous MgSO4. The solvents were evaporated under reduced pressure, and the residue was purified by column chromatography (hexane/ethyl acetate) to give the aldol product. The enantiomeric excess of the product was determined by chiral HPLC analysis. 
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